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ABSTRACT 
PREDICTIVE MODELING OF AUTOMATED BUILDING FACADE ELEMENTS 
TO ATTAIN THERMAL COMFORT IN PASSIVELY CONDITIONED 
BUILDINGS IN DIFFERENT CLIMATES 
 
MAY 2019 
 
TROY NOLAN PETERS, B.A., UNIVERSITY OF ILLINOIS CHICAGO 
 
M.ARCH., UNIVERSITY OF OREGON 
 
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST 
 
Directed by: Professor Ajla Aksamija 
 
 
Climate change, along with corresponding weather extremes, are creating new and pressing 
problems for the built environment. Buildings are the largest contributor to climate change. 
The main hypothesis for this research work is that an automated dynamic façade can provide 
whole year thermal comfort in a passively heated and cooled building by using predictive 
modeling of short-term future weather conditions. The dynamic facade should be adaptable 
to different climates, weather extremes and climate change. Predictive simulation requires 
using a weather forecast to predict the performance of a building and then modify the 
shading and ventilation rate to optimize the building thermal comfort for a single day. The 
goal of the dissertation was to develop a method for designing dynamic predictive façades to 
maximize thermal comfort in most climates and weather conditions. The research for the 
dissertation was conducted through computer simulations in the 15 different climate zones 
of the United States (considering both historic climate data, as well as predicted climate 
change data for the years 2050 and 2080), and an experimental study. The computer 
simulations, using EnergyPlus and custom scripts, were used to optimize the façade for a 
vii	
scaled physical model of the façade and the individual building elements.  EnergyPlus 
simulations were also used for the predictive modeling in the experimental study. A test cell 
with one of the designed façade systems and controls was studied during the winter, spring 
and summer and compared to simulation results. The results of both the simulation study 
and the test cell were similar so modifications to the predicted model and predicted control 
procedure can be studied further with simulation only. The simulations and the physical 
experiment results show that it is possible to achieve thermal comfort in a passively heated 
and cooled building in at least 10 of the 15 different climate zones in the United States. 
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CHAPTER 1 
INTRODUCTION AND OVERVIEW 
1.1  Introduction and research statement 
Climate change and corresponding weather extremes are creating new and pressing 
problems for the built environment. Buildings are the largest contributor to climate change, 
using 39 percent of the United States primary energy consumption, 21 percent residential 
and 18 percent commercial (U.S. Department of Energy, 2011). Heating and cooling of 
buildings accounted for 39 percent of residential total energy end use, and 32 percent for 
commercial buildings (U.S. Department of Energy, 2011). It can be calculated that heating 
and cooling of buildings accounted for 14 percent of the total U.S. primary energy 
consumption (U.S.Department of Energy, 2011). Energy use and the release of carbon 
greenhouse gasses by buildings are driving climate change, while at the same time weather 
extremes are driving more energy use in buildings. Designing buildings that use less energy 
and possibly no energy for heating and cooling can break this loop. Net zero energy 
buildings produce the same amount of energy as they use on an annual basis. However, even 
net zero energy buildings still have a net gain in released greenhouse gasses as they can supply 
and draw energy from the grid, which may use energy produced by fossil fuels. 
A building façade that acts as an energy collector, energy storage device and energy 
delivery system can help buildings achieve thermal comfort, views and daylighting through 
passive building design. If the design of the façade decreased or potentially eliminated energy 
use for heating and cooling in buildings, the façade could be applied to new and even 
existing buildings to lower the amount of carbon released into the atmosphere associated 
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with buildings’ operation. The main hypothesis for this research work is that an automated 
dynamic façade can provide whole year thermal comfort in a passively heated and cooled 
building by using predictive modeling of short-term future weather conditions. The dynamic 
facade should be adaptable to different climates, weather extremes and climate change.  
The goal of the dissertation was to develop a method for designing dynamic 
predictive façades to maximize thermal comfort in most climates and weather conditions. 
The research for the dissertation was conducted through computer simulations and 
experimental study. The computer simulations, using EnergyPlus and other software, was 
used to optimize the façade for a scaled physical model of the façade and the individual 
building elements.  EnergyPlus simulations were also used for the predictive modeling. A test 
cell with one of the designed façade systems and controls was studied and compared to 
simulation results and modifications to the predicted model and predicted control procedure 
was developed.  
 
1.2 Thermal comfort 
Human thermal comfort is defined by ASHRAE  as “the state of mind that expresses 
satisfaction with the surrounding environment” (ASHRAE, 2013). Maintaining thermal 
comfort for occupants of buildings is one of the most important goals for building designers. 
ASHRAE has developed two methods based on environmental conditions and personal 
factors to predict if an occupant of a building will be comfortable. The two methods are 
Adaptive Comfort and Predicted Mean Vote (PMV) methods. 
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1.2.1 Adaptive comfort 
Adaptive comfort (ASHRAE, 2013) is based on the average of mean radiant 
temperature and the air temperature in an occupied space. The method assumes that the 
building is unconditioned, no mechanical cooling system installed and no heating system is 
in operation and the occupants are free to change their environment and clothing level, 
within a range at least as wide as 0.5-1.0 clothing level, to achieve thermal comfort. The 
adaptive comfort zone (Fig. 1.1) will change depending on the prevailing mean outdoor 
temperature. The lowest prevailing outdoor temperature for adaptive comfort is 10 °C. 
 
 
Figure 1.1 Adaptive comfort chart (ASHRAE, 2013). 
1.2.2  Predicted mean vote and standard effective temperature 
Predicted Mean Vote (PMV) uses six different factors to predict if the occupants of a 
building will be thermally comfortable (ASHRAE, 2013). The six factors are air temperature, 
Local control of air speed, 1.1 met
clo range 0.46 to 1.3
90% acceptability limits
80% acceptability limits
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mean radiant temperature (mrt), air movement, relative humidity (rh), clothing level (clo) 
and activity level (met). The PMV correlates to a predicted percentage of occupants that will 
be dissatisfied with the thermal comfort level known as predicted percent dissatisfied (PPD). 
For example, if the PPD is 10, then the combination of comfort factors may create an 
uncomfortable environment for 10% of the occupants or 90% of the occupants are predicted 
to be satisfied with the environment. The Standard Effective Temperature (SET) model (Fig. 
1.2) allows for larger air velocity levels for thermal comfort than standard PMV. SET 
requires that the occupant of the space has control over the air velocity.  
 
Figure 1.2 Standard Effective Temperature chart (ASHRAE, 2013). 
 
 
Dynamic Predictive Clothing (DPC) uses the outdoor air temperature at 6 AM to 
predict the clothing levels of building occupants for the rest of the day (ASHRAE, 2013). 
The PMV method can then be applied using the clothing level and the other five factors. 
Local control of air speed, 1.1 met
clo range 0.46 to 1.3
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Figure 1.3 Dynamic Predictive Clothing chart (ASHRAE, 2013). 
 
 
Since the adaptive comfort will not meet all the assumptions for the heating seasons 
in all climate zones, the SET method and dynamic predictive clothing will be used for the 
simulation studies. 
1.3 Weather and climate 
1.3.1 Weather 
Weather variables can be measured directly, calculated from direct measurements and 
predicted for a future period. Some weather variables are frequently predicted, measured and 
recorded and others, such as solar radiation data are not measured as often as other types of 
climate data like temperature and relative humidity making solar data more difficult to 
obtain. For building energy predictive modeling and simulation, accurate weather data and 
predictions are needed to get accurate results. Air temperature, relative humidity, wind speed 
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and direction, precipitation amounts and cloud cover data are regularly predicted and 
measured. Global horizontal solar radiation can be measured with a horizontal pyranometer 
but is often not predicted in weather forecasts. 
1.3.2 Climate 
Climates are generalized statistical weather patterns, measured over long periods 
(Grondzik et al., 2011). A new standardized climate zone map for the United States has been 
developed by the Department of Energy. The International Code Council (ICC), as well as 
the American Society of Heating, Refrigerating and Air-Conditioning Engineers (ASHRAE) 
have adopted it for both residential and commercial building applications. The climate zones 
(Fig. 1.4) include eight temperature zones covering the entire United States. The zones are 
numbered (Briggs, Lucas, and Taylor 2003) from 1(very hot) to 8 (subarctic). The eight 
climate zones are also subdivided into moist (A), dry (B), and marine (C) regions.  
Only 15 of the possible 24 thermal-moisture zones exist in the United States, since 
all the moisture regions do not apply to all climate zones. The ICC uses 15 cities (Mendon, 
2015), representing the 15 climate zones for simulation and analysis. These cities are listed in 
Table 1.1, and were used for simulation studies.  
  7	
 
Figure 1.4 DOE-developed climate zone map. 
 
 
Table 1.1 Climate zones and representative cities for simulations. 
No. ClimateZone City State Zone Region EPW file 
1 1A  Miami  Florida  very hot  moist Miami Intl AP 722020 (TMY3) 
2 2A  Houston  Texas  hot  moist  Houston-William P Hobby AP 722435 (TMY3) 
3 2B  Phoenix  Arizona  hot  dry  Phoenix-Sky Harbor Intl AP 722780 (TMY3) 
4 3A  Memphis  Tennessee  warm  moist  Memphis Intl AP 723340 (TMY3) 
5 3B  El Paso  Texas  warm  dry  El Paso Intl AP 722700 (TMY3) 
6 3C  San Francisco  California  warm  marine  San Francisco Intl AP 724940 (TMY3) 
7 4A  Baltimore  Maryland  mixed  moist  Baltimore-Washington Intl AP 724060 (TMY3) 
8 4B  Albuquerque  New Mexico  mixed  dry  Albuquerque Intl AP 723650 (TMY3) 
9 4C  Salem  Oregon  mixed  marine Salem-McNary Field 726940 (TMY3) 
10 5A  Chicago  Illinois  cool  moist Chicago-OHare Intl AP 725300 (TMY3) 
11 5B  Boise  Idaho  cool  dry Boise Air Terminal 726810 (TMY3) 
12 6A  Burlington  Vermont  cold  moist  Burlington Intl AP 726170 (TMY3) 
13 6B  Helena  Montana  cold  dry Helena Rgnl AP 727720 (TMY3) 
14 7  Duluth  Minnesota  very cold    Duluth Intl AP 727450 (TMY3) 
15 8  Fairbanks  Alaska  subarctic   Fairbanks Intl AP 702610 (TMY3) 
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1.4 Building elements- heat gain and heat loss 
A building is a thermal system with a series of heat inputs and outputs (Szokolay, 
2014). These inputs and outputs are internal heat gains (Qi), conduction heat gain or loss 
(Qc), solar heat gain (Qs), ventilation heat gain or loss (Qv), and evaporative heat loss (Qe). 
The change in heat stored in the building is the sum of these inputs and outputs. If the sum 
equals zero, the building is in equilibrium. If the sum is less than zero, the temperature in the 
building is falling or the building is cooling and if the sum is greater than zero, the 
temperature in the building is increasing or the building is heating.  
 
The conduction heat gain or loss, solar heat gain, ventilation heat gain or loss and 
evaporative heat loss occur at the buildings enclosure, and are a function of the internal 
environmental conditions, external environmental conditions, the material properties of the 
building enclosure and details of the construction of the enclosure. Internal thermal mass can 
store and release heat gain into the space which creates a more dynamic system by 
introducing a time lag due to the thermal capacity of the mass.  
1.4.1 Façade elements 
The façade elements that correlate to passive building design and are necessary for 
thermal comfort, indoor air quality, views and lighting are glazing, thermal storage and 
ventilation.  These elements can have multiple functions, as shown in Table 1.2. The table 
lists the façade elements along with its functionality, energy implication and effect on the 
occupant's well-being. The table also shows how the effectiveness of the façade element was 
measured and the simulation tool that is most appropriate to study the element. The façade 
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elements properties are listed, as well as a suggested way to modulate or modify the property 
and the control element that can modulate the property.  The control elements can be 
modeled in the simulation software with the control schedule tied to the predicted weather 
file to achieve a satisfactory level of thermal or visual comfort. 
 
Table 1.2 Façade elements. 
Functionality Façade Element Energy Implications 
and Occupants well 
being 
Measurement Properties Way to 
Modulate 
Controls Simulation 
Tool 
Collector Equator facing 
glazing 
1. Energy gain from 
sun 
2. Energy loss from 
conduction 
Thermal 
Comfort 
1. SHGC 
2. U-Value 
1. Area Exposed 
to Sun 
2. Decrease 
Conductance 
1. Movable 
Shading 
2. Movable 
Insulation 
EnergyPlus 
Storage 1. Stationary 
thermal mass 
2. Movable 
thermal mass 
3. Phase Change 
Material 
Energy storage Thermal 
Comfort 
1. Heat 
Capacity 
2. Heat 
Capacity, 
Flow Rate 
3. Heat 
Capacity, 
Melting Point 
1. Volume 
2. Flow Rate 
3. Volume 
1. None 
2. Pump  
3. None 
 
- 
EnergyPlus 
Ventilation A Opening Energy transfer Thermal 
Comfort 
Flow Rate Flow Rate Fan EnergyPlus 
Ventilation B Opening Air Quality VOC, CO2 Flow Rate Flow Rate Fan   
View Glazing at view 
height 
View Survey VT Window to Wall 
Ratio 
Blinds Calculation 
Daylighting Glazing Lighting Visual Comfort VT Size, Light Shelf Shades Radiance 
 
1.4.2 Solar heat gain through transparent elements 
Glazing can serve three different purposes on a façade: solar heat gain, daylighting 
and views. Equator-facing glazing can collect energy from the sun, which can heat the zone 
behind the façade. The amount of energy collected can be controlled by a shading device 
that blocks part of or all the direct solar radiation from hitting the glazing. Glazing can also 
lose energy by conduction. When solar energy is not available, the rate of energy loss by 
conduction through the glazing can be reduced by movable insulation. The properties of 
glazing that contribute to solar radiation collection and conduction rate are the Solar Heat 
Gain Coefficient (SHGC) and the heat transfer coefficient (U-value).  
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Solar radiation falling on glazing can be reflected, transmitted or absorbed. The 
absorbed radiation heats up the glass and is emitted to the inside or outside as longwave 
radiation. The amount of solar radiation transmitted as a ratio of the total solar radiation 
incident on the glazing is the SHGC. Visible light falling on glazing can also be reflected, 
transmitted or absorbed. The amount of visible light transmitted as a ratio of the total 
amount of visible light incident on the glazing is the visible transmittance (VT). Solar 
radiation and visible light have different wavelengths; therefore, the glazing may not transmit 
the same ratio of solar radiation and visible light. For example, a single layer of clear glass 
that is 6 mm thick has the properties of solar radiation transmittance of 0.82. The same 
glazing material has a visual transmittance of 0.88 (NFRC, 2017). Coatings and tinting can 
be used to reduce the transmittance of radiation and visible light and depending on the 
properties of the coating or tinting both types of transmittance reduction will not necessarily 
be proportional to each other. Low emissivity coatings that reflect more long-wave infrared 
energy can also be used to decrease the heat loss. 
The heat transfer coefficient (U-value) is the conductive property of the glazing. A 
single layer of glazing has a U-value of approximately 5.8 W/m2-°C. For an occupied building, 
the U-value of a single layer of glazing may allow too much heat flow in or out of the 
building, requiring higher amounts of energy to keep the interior space comfortable. For this 
reason, most windows in buildings are made up of multiple layers of glazing separated by a 
space. The space between the layers of glazing can be a gas, another material that is 
transparent to solar radiation or a vacuum. The space between the layers of glazing is 
insulating but it is large enough to be able to lose heat by convection due to differential 
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temperatures of each layer of glazing. The gas near the warm layer will heat up and rise due 
to buoyancy and then lose heat at the colder surface and fall. This convection current 
transfers heat faster than it would occur in a still gas that would lose heat only due to 
conduction. To slow down or prevent this convection loss, a gas that is heavier than air such 
as argon may be used to fill the space. Evacuating the space has been used in vacuum 
insulated glazing, but small spacers must be used to prevent the layers of glazing from 
touching. Transparent or translucent insulation materials, such as nanogel, can be used to fill 
the space between the glazing to create highly insulated windows.  
The methods used to decrease the conductance of a window will mostly also decrease 
the solar radiation transmittance and visible light transmittance. Two layers will transmit less 
radiation than one layer, but replacing air in the space between glazing with argon gas will 
have little or no effect on the amount of radiation and transmitted light.  
The solar heat gain coefficient and the U-value are important properties for 
controlling heat gain and loss into the building. For a passive solar heated building, a high 
SHGC and a low U-value would be desirable, but usually they are proportional. Low U-
value glazing will have a low SHGC, and high SHGC glazing will have a high U-value. In 
summer, high SHGC is not wanted, so the glazing should have a shading device to control 
heat gain. On winter nights, the high conductance of the glazing will create a heat flow out 
of the building when there is no solar radiation coming through the window. This negative 
heat flow can be slowed down by using movable insulation that will cover the window. 
Visual transmittance is important for controlling visual comfort and daylighting into 
the building. Visual comfort is usually a factor of the amount of glare, which is a high 
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differential between dark and light areas within the occupant's field of vision. Shading can be 
used to control glare, but that can also lead to less light entering into the space, thus reducing 
the amount of daylighting.  
The properties of the facade glazing are the most important variables in designing a 
building that takes advantage of passive solar heating and daylighting to reduce the amount 
of energy used, while creating a space that is both thermally and visually comfortable. It is 
not readily apparent which combinations of solar heat gain, visual transmittance and U-value 
will create the most comfortable, low energy building. Whole year energy simulation and 
lighting analysis is needed to find the right combination of properties for each different type 
of climates. The properties of several different glazing types are given in Table 1.3 (NFRC, 
2017)(Buratti, 2012). 
 
Table 1.3 Properties of different types of glazing. 
Type VT 
U-Factor 
[W/(m2- °C)] SHGC 
SHGC/U 
[(m2- °C)/W] 
Double Clear Air 0.79 2.69 0.70 0.26 
Double Clear Argon 0.79 2.55 0.70 0.27 
Triple Clear Argon 0.70 1.62 0.62 0.38 
Quad Clear Argon 0.63 1.19 0.55 0.46 
Vacuum Insulated Glazing 0.62 0.68 0.57 0.84 
Triple LowE Argon 0.61 0.86 0.58 0.67 
Polycarbonate Glazing with 
Aerogel 0.26 0.31 0.32 1.03 
 
Building enclosure materials can be transparent or opaque to long or short wave 
radiation. Windows or glazing in a building are transparent to short wave radiation and 
opaque to long wave radiation. This property of glazing is the key to how it is used as a solar 
radiation collector. Radiation from the sun, which affects a building, is called short wave 
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radiation. Radiation emitted from a heated object is long wave radiation. Solar radiation is 
transmitted through the glazing as short wave radiation. After the radiation passes through 
the glazing, it will strike an object or surface inside the building. Some of the radiation will 
be reflected and some will be absorbed by the surface. Surfaces that absorb higher amounts of 
radiation will perform better in passive solar buildings. The absorbed short wave radiation 
will heat up the surface and it will be emitted as long wave radiation. If the emitted long 
wave radiation strikes the glazing, most will be reflected into the space causing the space to 
heat up and the temperature to rise. The long wave radiation that is absorbed by the glazing 
can be emitted back into the space or be emitted towards the outside. The heat gain into the 
space due to solar radiation (Qs) is the amount of solar radiation incident on the glazing (Gs) 
multiplied by the solar heat gain coefficient (SHGC), times the area (Aw) of the glazing, as 
seen below. 
 
1.4.3 Conduction heat gain heat loss  
Materials that are opaque to short wave radiation gain and lose heat by conduction. 
Glazing can also gain or lose heat by conduction. The rate of heat gain or loss depends on 
the temperature difference on each side of the material and the materials property of 
conductance. The heat loss or gain by conduction is equal to the conductance (U) of the 
material multiplied by the area (A) of the material, times the difference in the temperature 
inside (Ti) the space and the temperature outside (To) the space. 
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1.4.4 Ventilation heat gain and heat loss 
Ventilation can serve two purposes in buildings. The first is to move air into and out 
of a building for indoor air quality. This type of ventilation is required and has a minimum 
flow rate. The other type of ventilation is to remove heat from a building. If the outside air 
temperature is lower than the inside air temperature, ventilation will cool the building by 
bringing in cooler air. Ventilation can also work together with thermal mass by ventilating 
the mass with cool air to store the cold until a later time.  
Ventilation is the movement of air between inside and outside of a space. This can 
occur naturally due to pressure difference between inside and outside, or mechanically. The 
air movement can also happen unintentionally due to cracks or holes in the enclosure. This 
unintentional movement of air is call infiltration. The mechanism for heat transfer due to air 
movement is convection. The heat gain or loss by ventilation is proportional to the 
volumetric flow rate of air (VFR) times the difference in the temperature inside (Ti) the 
space and the temperature outside (To) the space. 
 
1.4.5 Internal gains 
Internal heat gains represent heat released by people (QP), lighting (QL) and 
equipment (QE), and are usually tied to building occupancy times, frequencies and operation 
of lighting system and equipment. Internal heat gains are calculated by adding respective 
gains from occupants and building systems, as seen below. 
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1.4.6 Internal thermal mass 
Internal thermal mass does not contribute to the overall heat loss/gain associated 
with building systems, but it does store and release energy within a building space. Thermal 
storage is necessary in a passive solar building because of the daily cycle of radiation from the 
sun and weather patterns that prevent the sun’s radiation from reaching the building. The 
properties of mass that contribute to its effectiveness to store energy are heat capacity, area of 
exposed surface and thickness.  
Dynamic thermal flows are thermal capacity and time lag. Heat can be collected and 
released to a space by objects and surfaces. Heavy materials are better at storing heat than 
lighter weight materials. The thermal capacity of a material is a measure of a material’s ability 
to store and release heat. The thermal capacity of the material and the temperature difference 
between the material and the surrounding air will determine the direction of the heat flow 
into and out of the material. The rate of heat flow is determined by the conductance of the 
material and the thermal capacity. If the rate of flow is slow then there will be a longer time 
lag between the heat flow into the space and the rise and lowering of the temperature in the 
space. A space that has a higher thermal capacity will usually be more comfortable, since the 
difference in high and low temperatures will be less than a space with lower thermal capacity. 
The time lag also keeps a passive solar building more comfortable after the solar gain has 
stopped at night. Thermal capacity is the product of the density and the specific heat 
properties of the material, as seen below. 
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1.5 Passively conditioned buildings 
Passive solar design utilizing energy directly from climate and weather patterns and 
high mass for heating and cooling has been studied extensively, peaking (Fig. 1.2)  in the 
early 1980’s (Balcomb, 1992).  
 
Figure 1.5 Frequency of the word passive in relation to heating or cooling in literature, 1960 
to 2008. 
 
Heating and cooling energy use in passive buildings can be reduced by manipulating 
these following elements: 
1. Window orientation, size, type and the use of operable night insulation. 
2. Insulation level of walls, roof and floor. 
3. Mass type, area and thickness or the use of phase change materials 
4. Ventilation rate, natural, mechanical and heat recovery. 
5. Horizontal and vertical shading devices, both fixed and operable. 
 
The problems with passive solar heating and night ventilation of mass are associated 
with these following aspects: human thermal comfort is not always achieved due to 
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overheating in both heating and cooling modes, large indoor diurnal temperature swings, 
and the unpredictable nature of the weather from day to day and year to year. Climate 
change will only exacerbate the problem, since the climate that a passive building was 
designed for might change and the anticipated weather extremes may fluctuate in ways the 
designer could not expect. 
Over-heating and temperature swings are minimized in passive solar buildings using 
thermal mass whose characteristics, material, exposed area and thickness are tied as a ratio to 
the characteristics of the equator facing window, area and type. As a rule, the larger the area 
of equator-facing glazing, the greater the area of thermal mass. Large window areas lead to 
large areas of mass, usually a ratio between three and nine mass area to window area. 
Thermal mass will temper and phase-shift the effects of solar radiation, indoor and outdoor 
temperature and ventilation in a building. The phase-shifting effect of thermal mass may also 
contribute to thermal discomfort if the mass is too warm when cooling is desired or too cold 
when heating is desired. The thermal mass can be a solid, liquid in a container or a phase 
change material. 
1.5.1 Passive solar heating 
A type of single zone passive solar building that uses facade elements is a Direct Gain 
System (Fig. 1.3). A direct solar gain system collects solar radiation directly into the occupied 
space to use for heating. A direct gain facade system consists of two main components: a 
solar radiation collection system and a heat storage system. The solar radiation collection 
system is usually glazing and can be controlled by shading devices. Systems with equator-
facing glazing usually perform better than other orientations due to greater solar radiation 
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and the ability for simpler shading devices to control solar gain. The heat storage systems are 
usually the floor and walls if they are made of concrete, or another thermally massive 
material. Direct gain is simple and it allows for daylight and view. Disadvantages are glare, 
overheating, large radiant heat losses to glass areas at night (Grondzik et al. 2011). 
 
Figure 1.6 Passively conditioned buildings. 
1.5.2 Ventilation cooling 
Ventilation of indoor spaces, either natural or mechanical, provides a means to 
achieve thermal comfort (Szokolay, 2014). Air movement from inside to outside will lower 
the indoor temperature of a space when the outdoor temperature is lower than the indoor 
temperature. Passive solar heated buildings with high internal thermal mass can use the mass 
for night ventilation during the summer to cool down the internal thermal mass of the space, 
and use the lower mass temperature to absorb internal heat gain during the day. Night 
ventilation works best in dry climates, where tends to be larger outdoor diurnal temperature 
swing than in humid climates.  
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1.6 Predictive modeling and predictive simulation 
Predictive modeling is a method used to predict future performance and foresee the 
significances of change in parameters to the model. It can be used in a building to modify the 
present characteristics of the building to increase the future performance for thermal 
comfort. A simulation is the execution of the model (Frigg and Hartmann, 2017).  This 
study used EnergyPlus for both simulations and for the execution of the predictive model in 
a physical test cell. EnergyPlus is an energy analysis and thermal load simulation program 
developed by the United States Department of Energy. It can model building heat transfer 
mechanisms to simulate thermal comfort parameters based on building components and 
weather data input (Department of Energy, 2016). 
1.7 Research objectives and methods 
This dissertation addressed these following research questions: 
1. Can predictive control improve the energy performance and thermal comfort in a 
passively heated and cooled building using only façade elements? 
2. Which thermal comfort model is best suited to this type of system? (ASHRAE 55, 
Fanger PMV, SET, Adaptive, Dynamic Predictive Clothing) 
3. Which façade elements need to be included? (collector, storage, ventilation, 
shading, insulation, moveable insulation) 
4. For which climate types will this system work best? 
5. How can weather forecasts be used in a predictive control system? 
6. Can solar radiation be derived from weather forecasts and how accurate is the 
prediction? 
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The research for the dissertation was conducted through computer simulations and 
physical modeling experiments. The literature reviews helped gain knowledge into the latest 
materials and methods of façade elements. The computer simulations using EnergyPlus, 
THERM and WINDOW were used to optimize the façade for a scaled physical model of 
the façade and the individual elements. Specific research methods are explained in more 
detail in the following sections.  
To study the potential benefits of predictive modeling, building simulations in 15 
different climate types were used to both optimize the type and combination of façade 
elements and to predict the façade element or elements that should be changed to produce a 
comfortable indoor environment. Predicted weather must be converted into a data file that 
building simulation software can use. The predicted weather was monitored and studied for 
accuracy and effect it has on the simulated model. A test cell with one of the designed façade 
systems and controls was studied and compared to simulation results and modifications to 
the simulation calculations and procedure were made. 
1.8 Chapter summary and dissertation outline 
This chapter outlined the research statement, and the research objectives and 
methods of the dissertation. This chapter also defined the major terms and metrics of the 
hypothesis, that an automated dynamic façade can provide whole year thermal comfort in a 
passively heated and cooled building by using predictive modeling of short-term future 
weather conditions. The dynamic facade should be adaptable to different climates, weather 
extremes and climate change. The important metrics that were defined include thermal 
comfort, weather and climate zones, building elements, heat transfer mechanisms, passive 
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solar heating, ventilation cooling and predictive modeling. The following chapters expand on 
the definitions, look at previous studies and present the simulation and experimental studies. 
Chapter 2 is a literature review of thermal comfort, predictive modeling, passively 
conditioned buildings and test cells. Chapter 3 describes a method for creating EnergyPlus 
weather files from weather forecasts and measured data. Chapter 4 presents two simulation 
studies and discusses their results. Chapter 5 describes the physical experiment and discusses 
the results. The summary and future work are presented in Chapter 6. 
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CHAPTER 2 
LITERATURE REVIEW 
2.1 Introduction 
This dissertation explored three major topics: thermal comfort, predictive modeling 
and automated facade elements on passively conditioned buildings. Thermal comfort was 
used as the metric for assessing the performance of the building: the more occupied hours 
that the building was thermally comfortable, the higher the performance. Thermal comfort 
can be difficult to model and predict, with building scientists in disagreement on how to 
even define human thermal comfort (Kwok and Rajkovich, 2010). Predictive modeling was 
studied to attempt to increase the thermal comfort in a passively conditioned building. 
Other studies have looked at predictive modeling in buildings other than passively 
conditioned, but those studies had useful information for this study.  
2.2 Thermal comfort 
Thermal comfort prediction and measurement are controversial, and have been 
shown to depend on the type of heating and cooling system in the building (Nicol and 
Humphreys, 2010). Free running or passively conditioned buildings tend to have a wider 
range of temperatures that occupants find comfortable, compared to mechanically 
conditioned buildings. Two categories of comfort standards have emerged. One is more 
static, Predicted Mean Vote, and the other is more dynamic, Adaptive Comfort. Both 
standards are continuously updated as more data is collected and comfort studies are done. 
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Kwok and Rajkovich looked at thermal comfort standards in terms of energy use and climate 
change challenges.  
"The	last	forty	years	of	thermal	comfort	research	have	produced	an	
irreconcilable	debate	between	two	philosophies	of	thermal	comfort.	These	
‘’static’’	and	‘’adaptive’’	models	have	contrasting	assumptions	about	the	way	
people	respond	to	their	environment.	It	is	widely	recognized	that	people	are	
more	tolerant	of	thermal	conditions	than	the	static	model	suggests,	and	to	this	
end	the	adaptive	model	of	thermal	comfort	has	great	potential	for	conserving	
energy	in	buildings	and	allowing	buildings	to	begin	the	process	of	adapting	to	
climate	change.	The	evidence	on	expectation,	memory,	and	control	from	a	
review	of	thermal	comfort	literature	suggests	careful	scrutiny	of	the	comfort	
standards	that	might	afford	more	flexibility	for	adaptive	opportunities	that	
incorporate	behavioral	and	building	design	strategies.	We	suggest	an	area	of	
research	is	needed	that	would	define	‘’mesocomfort	zone,’’	based	on	relative	
value	and	additive	properties	of	adaptation,	tied	to	concepts	such	as	a	person’s	
expectations,	memories	and	level	of	control	over	the	thermal	environment." 
(Kwok and Rajkovich, 2010) 
 
Baker and Standeven proposed three guidelines for achieving thermal comfort in 
free-running or passive buildings (1996). The guidelines are: 
1. Limit the extremes of thermal conditions by the inherent properties of the building. 
2. Provide adaptive opportunity by environmental variety and user friendly building 
controls.  
3. Allow visual access to outdoor climatic conditions and a simple, “readable” architectural 
design. 
 
In a study (Becker and Paciuk, 2009) comparing passively conditioned and 
mechanically conditioned buildings, it was observed that a significant difference exists 
between thermal conditions that caused satisfaction for the occupant. A 90% satisfaction 
level was achieved for air temperatures between 21.5 °C and 23 °C in the mechanically 
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conditioned building, and air temperatures between 19.5 °C and 26 °C for the passively 
conditioned building. 
Comfort standards in Europe (CEN, 2006) have defined three comfort categories 
I,II,III (Nicol and Wilson, 2010), and ASHRAE has proposed class A, B, C with identical 
specifications. The three categories are based on the allowed Predicted Mean Vote (PMV) 
and the corresponding Predicted Percent Dissatisfied (PPD). The categories are: 
Class A (Category I) = +- 0.2 PMV and 6 PPD 
Class B (Category II) = +- 0.5 PMV and 10 PPD 
Class C (Category III) = +- 0.7 PMV and 15 PPD. 
The difference in rate of satisfaction for occupants in real buildings for three comfort 
classifications was found to be small. They all had approximately a PPD of 20% in surveys 
(Arens et al. 2010). 
To achieve thermal comfort with air movement in hot humid climates, a higher air 
velocity of at least 0.4 m/s for 26 °C and up to 0.9 m/s for operative temperatures up to 30 
°C is desirable. Occupants not only preferred higher air speeds but also demanded air 
velocities closer or higher than 0.8 m/s ASHRAE limit. The notion of draft is dispelled in 
hot humid climates and the study shows  the physiological role of pleasure due to air 
movement (Candido et al. 2010). User control of indoor temperature and the opportunity to 
adapt to different thermal environments can make a significant difference in thermal comfort 
levels in office buildings (Karjalainen, 2009). 
Applying thermal comfort models to any type of predictive strategy requires 
assumptions about future occupant activity, clothing, etc. For example, predicting time of 
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occupancy in office buildings is problematic because people believe that their activities are 
deterministic, but sensors show random occupancy behavior. The office workers think that 
they arrive, eat lunch and leave at the same time every day but in fact they would not occupy 
their office at the times they would say they did and would occupy it at times they would say 
they were gone (Wang, Federspiel, and Rubinstein, 2005). Air and mean radiant 
temperature are the overriding factors influencing thermal comfort, consequently an expert 
estimate for human behavior is sufficient (Cigler et al. 2012). Dynamic predictive clothing 
(Schiavon and Lee, 2013) uses the air temperature at 6AM to predict the amount of clothing 
an occupant will wear at an office. The data from this study also shows that occupants dress 
equally in naturally and mechanically conditioned buildings, and females and males dress 
with quite similar clothing insulation levels.  
2.3 Predictive modeling	
Model Predictive Control (MPC) generally provides superior performance to 
conventional HVAC controllers. The accuracy of the model and weather forecasting affect 
the performance of MPC. Weather forecasts should be updated frequently to improve 
controller performance. Simple MPC systems outperformed the conventional control 
systems that do not use any predictive algorithms. Building simulation shows promise as a 
way to execute the predictive model in buildings (Mahdavi, 2001). 
Predictive control and predictive modeling studies have mostly been done on 
buildings that rely on mechanical heating and cooling systems, but the studies contain 
lessons for passive system design. The past studies have used stimulation, test rooms and real 
buildings. Predictive control showed good results in the high mass buildings with radiant 
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heating in a full scale outdoor test room(Chen, 2002). The floor heating system control by 
generalized predictive model was then evaluated through computer simulations.  
2.3.1 Thermal mass 
Thermal storage can be used for peak shifting and MPC with thermal storage will 
outperform systems without thermal storage. Buildings with little thermal mass can use water 
storage to improve the performance of the building (Afram and Janabi-Sharifi, 2014). 
Another study looked at the control of the heavyweight radiant slab system in a 
typical office building during the summer season in a dry and hot climate (Feng et al. 2015). 
The chiller was eliminated and the only cooling source is a cooling tower. The MPC 
controller was able to maintain zone operative temperatures at the thermal comfort level 
more than 95 percent of the occupied hours for all zones. Compared to a typical HVAC 
controller, MPC reduced the cooling tower energy consumption by 55 percent and pumping 
power consumption by 25 percent. 
2.3.2 Weather and climate 
A study looked at the value of forecasting weather variable inputs and energy 
optimization algorithms for commercial building energy systems (Lazos, Sproul, and Kay, 
2014). It was found that weather variables are a significant component of building energy 
systems. Minimizing the uncertainty in weather predictions can lead to energy reductions of 
15–30 percent, compared to a deterministic and non-weather sensitive controls. Another 
study also shows that the quality of the predicted weather data is important to guarantee 
reliable results (Oldewurtel et al. 2012). 
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Another study (Petersen and Bundgaard, 2014), looked at the effects of weather 
forecast uncertainty on energy use and indoor climate of a building that uses a model 
predictive control. The effects were quantified by comparing the simulation with differences 
in forecasted and actual weather data. The effects were identified through a differential 
sensitivity analysis of four building design parameters: orientation, thermal mass, solar 
shading and window area. The analysis was performed using Danish weather data from two 
different years. The results from the simulation study showed a potential for energy savings 
and improvements in thermal indoor environment despite the uncertainty in the weather 
forecasts. Buildings with heavy thermal mass were less dependent on the accuracy of the 
weather forecasts compared to buildings with very light thermal mass. The performances of 
the light thermal mass buildings were especially sensitive to the precision of solar irradiance 
forecasts.  
2.3.3 Irradiance forecasts 
Solar radiation data is often not collected, but it is critical for passive building 
simulation. Global horizontal solar radiation can be measured with a horizontal 
pyranometer. Building simulation climate files require direct solar radiation and diffuse solar 
radiation, which added together equal global horizontal radiation. If global solar radiation is 
not measured, it can be calculated from total cloud cover. Two methods for calculating solar 
radiation, Cloud Cover Radiation Method and the Zhang-Huang Model, (Kim, Baltazar, 
and Haberl, 2014) have shown good results. The Cloud Cover Radiation Model (CRM), 
developed by Kasten and Czeplak, estimates global horizontal solar radiation by using the 
solar altitude, portion of cloud cover and four location specific coefficients (Kasten and 
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Czeplak, 1980). The Zhang-Haung Model (Zhang, 2006) requires dry-bulb temperature, 
relative humidity, wind speed and cloud cover and eight location specific coefficients. 
2.4 Passively conditioned buildings 
Modern passively conditioned buildings have been studied for over 100 years, with 
one of the first built in 1904 in Canton, Massachusetts (Butti and Perlin, 1980). Passive 
solar buildings have seen cycles of intense research followed by periods of little interest 
during the 1930’s, late 1940’s with the greatest volume happening during 1970’s to the mid 
-1980’s (Balcomb, 1992) During the 1980’s, research on passive solar buildings showed that 
most climates would benefit from passive solar heating, and cooling and many design 
guidelines were published (Balcomb et al. 1984, AIA Research Corporation, 1980). Few 
research projects into the potential energy savings from passive solar buildings have been 
published in the past decade. In a study performed during the 2003-2004 heating season in 
Muncie, Indiana, results projected that solar savings fractions of greater than 80% in a well-
designed passive building could be achieved (Fernández-González, 2007). 
2.5 Test cells 
A test cell was used to test the complete predictive modeling process. Since a full-size 
office space that uses predictive control of shading and ventilation does not exist, a small-
scale test cell was used to test the ability to predict the interior temperature, relative humidity 
and mean radiant temperature based on predicted weather. Small test cells have performed as 
well as larger test cells (Grimmer, 1979), but they must be carefully designed to account for 
corner conditions and ventilation multipliers due to three-dimensional volume differences. 
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Computer simulations have also been shown to give similar results as test cells (Mateus, 
Pinto, and Graça, 2014). As simulations get more advanced, test cells are usually only used 
to test out new materials and processes (Littler, 1993), since test cells and advanced 
computer simulations are now showing similar results. 
2.6 Chapter summary 
The literature review reveals that high mass buildings perform better than low mass 
buildings in modeled predictive control. Also, accurate weather forecasts increase the 
precision of the predictions, but high mass buildings are less sensitive to forecast inaccuracies 
than low mass buildings. All the studies on predictive modeling focused buildings with 
mechanical heating and cooling systems and none of the existing literature or studies 
investigated predictive control of façade elements for passive solar design. 
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CHAPTER 3 
PREDICTED AND ACTUAL WEATHER 
3.1 Introduction 
The main hypothesis for this research work is that an automated dynamic façade can 
provide whole year thermal comfort in a passively heated and cooled building by using 
predictive modeling of short-term future weather conditions. The dynamic facade should be 
adaptable to different climates, weather extremes and climate change. The thesis was tested 
by simulation in the 15 different climates of the United States, along with the effects on 
climate change on the performance. Weather files were created from weather forecasts, and a 
method to convert weather data into simulation climate files was developed. Predictive 
simulation requires using a weather forecast to predict the performance of a building, and 
then making changes to the shading and ventilation rate to optimize the building thermal 
comfort for a single day. The building should create conditions for optimal thermal comfort 
using the actual weather for the day with the building parameters set for the predicted 
weather forecast. 
For the simulations, two different weather files are needed for each climate zone, 
"predicted" weather and "actual" weather. An EnergyPlus weather file for each climate zone 
city location was used as the "predicted" weather forecast, and was modified to create a 
simulated “actual” weather file based on statistical differences between historical predicted 
weather and actual weather data. Both files were used in the energy simulations for the 
condition of "predicted" weather forecasts and "actual" weather.  
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Data that has been collected for approximately two years from NOAA forecasts and 
two weather stations were used to create simulated predicted and actual weather files. One 
dataset was from a weather station located in Waukesha, Wisconsin and the other dataset 
was from a weather station located at the Oak Ridge National Laboratory in Oak Ridge, 
Tennessee. The weather station located in Waukesha, Wisconsin was an Onset HOBO U30 
that measured global horizontal solar radiation, dry bulb temperature, relative humidity, rain 
depth, and wind speed.  
The weather station located in Oak Ridge used a Campbell CR800 and measured 
global horizontal and diffuse horizontal solar radiation, dry bulb temperature, relative 
humidity, rain depth, and wind speed/direction and is maintained by the Oak Ridge 
National Laboratory. 
3.2 EnergyPlus weather data file 
EnergyPlus is an energy analysis and thermal load simulation program that uses a 
building description file and a climate file for whole year energy simulation.  Typically, 
EnergyPlus climate files are based on a constructed typical meteorological year to describe 
climatic conditions for a location (Crawley and Lawrie, 2015). 
For this study five different types of climate files were used;  
1. Files created from weather station measured data. 
2. Files created from weather forecasts. 
3. EnergyPlus climate files created from a TMY3 file from EnergyPlus weather data 
(USDOE, 2019). 
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4. Modified versions of the downloaded EnergyPlus climate file simulating the difference 
between the actual weather and the predicted weather 
5. Climate change files created for the years 2050 and 2080. 
3.2.1 Creating an EnergyPlus weather file from a weather forecast  
A Python script was written to download the seven-day weather forecast and then 
convert the data into the format of an EnergyPlus weather file. The script is run on a 
raspberrypi, which is a small inexpensive single board computer. This script downloads 
publicly available National Oceanic and Atmospheric Administration (NOAA) seven day 
forecast data (NOAA, 2019).  
The data available from the NOAA website in three hour intervals is for air 
temperature, dew point temperature, sustained wind speed, wind direction, total cloud cover 
and percent relative humidity. The data available in six hour intervals is for liquid 
precipitation depth and for twelve hour intervals is percent probability of precipitation.  
EnergyPlus weather files have eight header rows, and then 8760 (24 hours times 365 
days) rows with 35 columns of data. The rows are for each hour in the year and the columns 
hold the weather and other data. EnergyPlus only uses 17 data columns out of the 35 data 
columns. The weather forecast from NOAA is missing five of the data points that are 
required by EnergyPlus, as shown in Table 3.1. The five missing data points are Atmospheric 
Station Pressure, Horizontal Infrared Radiation, Direct Normal Radiation, Diffuse 
Horizontal Radiation and Snow Depth. Since all the data needed for the EnergyPlus weather 
file is not available from the NOAA data, some of the data must be estimated or calculated 
from the data that is available.  
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3.2.2 Estimating Solar radiation from Cloud Cover 
As previously described, CRM and Zhang-Huang model can be used to estimate 
solar radiation data from cloud cover data. The method used for this study was the Zhang-
Huang model, since it has shown better results in humid climates. The details of this method 
are listed below. 	Zhang–Huang	model	global	horizontal	solar	radiation	(W/(m2	hr)	=		
 ((𝑔𝑠𝑐	 × 	𝛼) 	× 	@𝑐0 + (𝑐1	 × 	𝐶𝐶) + (𝑐2	 ×	𝐶𝐶E) + F𝑐3	 ×	(𝑇I −	𝑇IKLM)N + (𝑐4	 × 	𝑟ℎ) + (𝑐5	 × 	𝑊𝑠)T + 𝑑)𝑘  
 
where: 
gsc = global solar const = 1355 𝛼 = solar altitude 
Tn = current outdoor air temperature 
Tn-3h = outdoor air temperature 3 hours before current time 
rh = relative humidity 
Ws = wind speed 
CC = cloud cover 
c0 = 0.5598 
c1 = 0.4982 
c2 = -0.6762 
c3 = 0.02842 
c4 = -0.00317 
c5 = 0.014 
d = -17.853 
k = 0.843 
3.2.3 Direct normal radiation and diffuse horizontal radiation from global horizontal 
radiation 
Splitting Diffuse horizontal and Direct Normal from Global horizontal was done in 
two steps. Direct normal from global horizontal was estimated by using the Direct Insolation 
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Solar Code (DISC) model, developed by Eugene L. Maxwell of the National Renewable 
Energy Laboratory (Maxwell, 1987). The model converts global horizontal radiation data 
into direct normal radiation based upon a quasi-physical relationship between the global 
clearness index (Kt) and the direct normal clearness index (Kn). Mean Bias errors in derived 
results are on the order of -50 W/m2 and RMS errors on the estimated direct normal 
radiation are on the order of +/- 150 W/m2. 
Diffuse horizontal radiation was then calculated by subtracting the direct normal 
radiation times the sine of the solar altitude from the global horizontal radiation. 
Table 3.1 Data needed for EnergyPlus weather files. 
Column Data Name/ Description Used by EnergyPlus 
Available 
in NOAA 
Forecast 
Available 
From 
Weather 
station 
Needed by 
EnergyPlus 
but 
missing 
from 
NOAA 
forecast 
Needed by 
EnergyPlus 
but 
missing 
from 
Weather 
Station 
Notes: 
1 Year of the data   X X       
2 Month (1-12)  X X X       
3 Day (dependent on month) X X X       
4 Hour (1- 24) X X X       
5 Minute (1..60) X X X       
6 Data Source and Uncertainty Flags   X X       
7 
Dry Bulb Temperature in C 
at the time indicated X X X       
8 
Dew Point Temperature in C 
at the time indicated X X X       
9 
Relative Humidity in percent 
at the time indicated X X X       
10 
Atmospheric Station 
Pressure in Pa at the time 
indicated 
X   X X   
 The last measured 
pressure is used for 
following day 
11 
Extraterrestrial Horizontal 
Radiation in Wh/m2             
12 
Extraterrestrial Direct 
Normal Radiation in 
Wh/m2* 
          
  
13 
Horizontal Infrared 
Radiation Intensity in 
Wh/m2* 
X     X X 
This can be 
calculated a function 
of Stefan-Boltzmann 
constant, drybulb 
temperature, 
dewpoint 
temperature and 
opaque sky cover.  
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Column Data Name/ Description Used by EnergyPlus 
Available 
in NOAA 
Forecast 
Available 
From 
Weather 
station 
Needed by 
EnergyPlus 
but 
missing 
from 
NOAA 
forecast 
Needed by 
EnergyPlus 
but 
missing 
from 
Weather 
Station 
Notes: 
14 Global Horizontal Radiation in Wh/m2*     X       
15 
Direct Normal Radiation in 
Wh/m2* X     X X 
This can be 
estimated from 
opaque sky cover 
16 
Diffuse Horizontal Radiation 
in Wh/m2* X     X X 
This can be 
estimated from 
opaque sky cover 
17 
Global Horizontal 
Illuminance in lux             
18 Direct Normal Illuminance in lux             
19 Diffuse Horizontal Illuminance in lux             
20 Zenith Illuminance in Cd/m2             
21 
Wind Direction in degrees, 
N=0,  E=90,  S=180,  W=270 X X X       
22 Wind speed in m/sec X X X       
23 Total Sky Cover (tenths of coverage)             
24 Opaque Sky Cover (tenths of coverage)   X         
25 Visibility in km             
26 Ceiling Height in m             
27 Present Weather Observation X X X       
28 
Present Weather Codes to 
follow the TMY2 conventions X X X       
29 Precipitable Water in mm             
30 Aerosol Optical Depth in thousandths             
31 Snow Depth in cm X     X X   
32 Days Since Last Snowfall             
33 Albedo             
34 Liquid Precipitation Depth in mm X X X       
35 
Liquid Precipitation 
Quantity in hr             
*Average total amount during the number of minutes preceding the time indicated 
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3.2.4 Creating an EnergyPlus weather file from measured data 
All the data need for the measured weather data was not available, as shown in Table 
3.1. The missing data was the direct normal radiation and diffuse horizontal radiation. It was 
estimated by using the Direct Insolation Solar Code model. The method is described in 
section 3.2.3 and Python code is shown in Appendix A. 
3.2.5 Comparison of predicted and actual weather 
The measured and forecasted data were compared, and a method to create a synthetic 
weather forecast file for EnergyPlus simulations was developed. The synthetic weather 
forecasts were used to show the effect of the uncertainty of weather forecasts on predicting 
the comfort level in the simulated building. Data was collected for approximately two years 
from NOAA forecasts and two weather stations. One dataset was from a weather station 
located in Waukesha, Wisconsin and the other dataset was from a weather station located at 
the Oak Ridge National Laboratory in Oak Ridge, Tennessee. The weather data compared 
was air temperature (Fig. 3.1), relative humidity (Fig. 3.2), wind speed (Fig. 3.3), and total 
daily global horizontal radiation (Fig. 3.4). Total daily global radiation was used to adjust 
differences in hourly measurement methods between measurement stations.  
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Figure 3.1 Air temperature (measured versus predicted). 
 
 
 
 
Figure 3.2 Relative humidity (measured versus predicted). 
−20 −10 0 10 20 30
−2
0
−1
0
0
10
20
Air Temperature (Measured versus Predicted)
Predicted = −0.04 + 0.8713 (Measured)
Measured
Pr
ed
ict
ed
55 60 65 70 75 80 85
40
60
80
10
0
Relative Humidity (Measured versus Predicted)
Predicted = −25.65 + 1.3099 (Measured)
Measured
Pr
ed
ict
ed
  38	
 
Figure 3.3 Wind speed (measured versus predicted). 
 
 
 
 
Figure 3.4 Total daily global horizontal solar radiation (measured versus predicted). 
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3.2.6 Creating a synthetic weather forecast file for EnergyPlus simulations. 
To create a forecast file for each of the climate zones to be simulated, the R-statistical 
package rnorm function was used to create a random generated set of multipliers for the 
difference between measured and forecast weather data for air temperature (Fig. 3.4), relative 
humidity (Fig. 3.4), wind speed (Fig. 3.6) and total daily global horizontal radiation (Fig. 
3.8). These multipliers were used to create the synthetic weather forecast files used in the 
EnergyPlus simulation runs which have the same mean and standard deviation as the original 
measured and forecast data sets. After the air temperature and relative humidity were 
generated, the corresponding dew point temperature was calculated. The new data was then 
inserted into the EnergyPlus weather file to create a new forecast file for each of the climate 
zones. 
 
 
Figure 3.5 Density- air temperature (measured versus predicted). 
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Figure 3.6 Density- relative humidity (measured versus predicted). 
 
 
 
 
 
Figure 3.7 Density- wind speed (measured versus predicted). 
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Figure 3.8 Density- total daily global horizontal solar radiation (measured versus predicted). 
 
3.2.7 Climate Change weather files 
Future predicted climate change weather files were created for the 15 climate zones 
for the years 2050 and 2080 using the climate change world weather file generator tool, 
developed by the Sustainable Energy Research Group, University of Southampton 
(CCWorldWeather-Gen version 1.2). It uses Intergovernmental Panel on Climate Change 
Third Assessment Report model summary data of the Hadley Centre Coupled Model 
version 3, which is a coupled atmosphere-ocean general circulation model (Jentsh, 2012). 
3.3 Chapter Summary 
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building thermal comfort for a single day. The building will have to create conditions for 
optimal thermal comfort using the actual weather for the day with the building parameters 
set for the predicted weather forecast. For this study, four out of the five different types of 
climate files used in the simulations and experiment were created by Python scripts and 
statistical data from forecast and measured data. The four types of weather files created were; 
files created from weather station measured data, files created from weather forecasts, 
modified versions of the downloaded EnergyPlus climate file simulating the difference 
between the actual weather and the predicted weather and climate change files created for the 
years 2050 and 2080. 
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CHAPTER 4 
SIMULATIONS 
4.1 Introduction 
Two simulation studies were performed to test the hypothesis that a passively heated 
and cooled building could be thermally comfortable in most climates by applying predictive 
modeling using next day weather forecasts. The initial simulation study was a parametric 
analysis of an office space over a four day period. The parameters changed were insulation 
level, glazing type, thermal mass amount, shading amount and ventilation rate. The second 
study was a whole year predictive simulation that changed the amount of shading and the 
ventilation rate of an office space to optimize for thermal comfort. The single office space 
was modelled and rotated in 12 different orientations in 15 climate zones. 18 different 
glazing and night insulations were tested along with climate change files for the years 2050 
and 2080. 
4.2 Initial simulation study 
A simple direct gain passive solar building (Fig. 4.1) with two occupants was 
modeled in EnergyPlus 8.2 for one full year in Boston, Massachusetts. The zone had 
dimensions of 4 meters by 7 meters by 3 meters high. The only window was on the south 
façade, and the size of the window was held constant at 70 percent of window to wall ratio 
with ashading device that can be varied in size. The floor was an insulated concrete slab of 
variable thickness, and the interior walls and ceiling were covered with gypsum. The 
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insulation level of the walls, ceiling and slab were varied. These variables are explained in 
more detail below. Ventilation was achieved by an air to air heat exchanger. 
 
 
Figure 4.1 Simple direct gain model used for the simulations. 
 
 
Five building parameters were changed (Table 4.1) to investigate their effect on the 
indoor comfort level. First, the building insulation level of the walls, ceilings and floor was 
changed from a conductance of (0.5, 0.25, 0.17, 0.13, 0.10, 0.08) W/m2. The zone 
operative temperature for each conductance was plotted and compared. Holding the 
conductance at 0.08 w/m2, the south facing window type was changed from double clear 
argon to triple clear argon to quadruple clear argon. The zone operative temperature from 
each window type was plotted and compared. Next, the concrete floor thickness was 
increased from 0.05 m to 0.25 m in 0.05 m increments. The zone operative temperature was 
compared, and the floor thickness was then held at 0.15 m thick. Two formulations of a 
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phase change material were placed in the ceiling of the building. Both have a heat capacity of 
575 W-hr/m2 and a melting point of 27° C and 21° C. These results were plotted. The floor 
thickness was then held at 0.15 m thick and the phase change material was removed. The 
shading device was added and increased in length from 0.5 to 2.5 m in 0.5 m increments. 
The zone operative temperature was plotted and the shading device was held at 1.5 m length, 
and then the ventilation was changed from (0.6, 1.25, 1.75, 2.50, 3.0) air changes per hour. 
Ventilation was achieved using an air-to-air heat exchanger with 80 percent efficiency. These 
results were plotted. 
 
Table 4.1 Simulation parameters. 
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4.2.1 Simulation results 
The results of the simulation were plotted (Fig. 4.2), showing the zone operative 
temperature for a four-day period from February 18th to February 21st. These four days were 
chosen because the direct solar radiation was high on the 18th, followed by two days of very 
low direct solar radiation and then the 21st has high direct solar radiation in the EPW 
weather file that was used for the simulation. The comfort zone is plotted using ASHRAE 
55, PMV method for operative temperature and a maximum predicted mean vote of 10 
percent. The low comfort limit of 18.5 °C uses a clothing value (clo) of 1.49 and an activity 
level (met) of 1.0. The high limit of 27.4 °C uses a clo value of 0.5. The results show that all 
the simulations were within the comfort zone for some period during the four-day span. The 
simulations with high mass were in the comfort zone for the most amount of time during the 
four-day period. The single plot was broken up into four individual plots to clarify the effect 
of changing each of the parameters. 
 
Figure 4.2 Zone operative temperature, outdoor temperature and radiation for all simulation 
runs over four-day period. 
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Changing the insulation level and glazing type (Fig. 4.3) did not produce remarkable 
results, lower conduction at the envelope had higher zone operative temperatures, except for 
the change from triple clear argon glazing to quadruple clear argon glazing. This change had 
nearly the same zone operative temperature, however the quadruple clear argon glazing had a 
lower maximum zone operative temperature and a higher minimum zone operative 
temperature than the triple clear argon glazing. 
 
 
Figure 4.3 Zone operative temperature for changes in insulation and glazing over four-day 
period. 
 
The mass and phase change materials results (Fig. 4.4) show the zone operative 
temperature swing, both daily and weekly, decreased as the thickness of the slab increased, as 
expected. When phase change material is added to the ceiling the formula with a melting 
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point of 27° C has the best result since the phase change material with a melting point of 23° 
C would remain liquid over the four-day period so it has little effect on the zone operative 
temperature. Shading (Fig. 4.5) and ventilation (Fig. 4.6) changes also performed as 
expected. 
 
Figure 4.4 Zone operative temperature for changes in mass and phase change material over 
four-day period. 
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Figure 4.5 Zone operative temperature for changes in shading and over four-day period. 
 
 
 
Figure 4.6 Zone operative temperature for changes in ventilation over four-day period. 
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4.2.2 Predictive modeling simulation test 
The simulation results show that changing the parameters will change the zone 
operative temperature in scale and in profile. The parameters that are the easiest to change 
on a building are shading amount and ventilation rate. Using the information gained in the 
first part, a simple test for predictive modeling was performed by changing the ventilation 
rate for the direct gain passive solar building for a period of two consecutive days of low solar 
radiation during the heating season. A weather file in the EPW format was analyzed, and two 
consecutive days of low direct solar radiation were found on February 19th and February 20th. 
The advantage of simulation using a weather file compared to using a building in actual 
weather is the fact that the prior days’ weather is known in a weather file, while real weather 
forecasts must be predicted. Knowing that the direct solar radiation would be low for two 
consecutive days, the ventilation rate was changed in the simulation by five different rates 
(Fig. 4.7) to observe possible zone operative temperatures. Scheme 22 gave the best results 
for comfort. In a building controlled by predictive modeling, the ventilation rate could be 
changed at midnight on the evening before the start of the two consecutive days of low direct 
solar radiation and the building would remain comfortable. In a building controlled by a 
thermostat, the ventilation would probably not be changed, scheme 24 has a constant 
ventilation rate, until it fell to the lower end of the comfort zone and then would need 
supplemental heating to bring the zone back into the comfort zone. 
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Figure 4.7 Zone operative temperature for predictive ventilation over four-day period. 
4.2.3 Initial simulation analysis 
The results of the initial simulations were encouraging, but more study was needed. 
The next step focused on predictive control over a whole year for thermal comfort, and 
development of rules for controlling ventilation and shading based upon predicted weather.  
4.3 Whole year simulation study 
The method used to simulate a single passive solar office space (Figure 4.8) consisted 
of an automated program/script using EnergyPlus 8.3, Python 2.7 and Eppy. EnergyPlus is a 
building energy simulation program, Python is a scripting language and Eppy is a library for 
Python that simplifies reading and changing an EnergyPlus input file. Predictive simulation 
was used for this office space to modify the present characteristics of the building to increase 
the future performance and improve thermal comfort. Specifically, the percentage of window 
shading and the rate of ventilation was optimized to provide the most thermally comfortable 
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indoor environment based on Standard Effective Temperature model (SET). The single 
office space was modelled and rotated in 12 different orientations at 30° increments using 
climate data for 15 (Table 4.2) different cities. 
 
Table 4.2 Climates Types. 
No. 
Climate 
Zone City Zone Region 
1 1A Miami, FL very hot moist 
2 2A Houston, TX hot moist 
3 2B Phoenix, AZ hot dry 
4 3A Memphis, TN warm moist 
5 3B El Paso, TX warm dry 
6 3C San Francisco, CA warm marine 
7 4A Baltimore, MD mixed moist 
8 4B Albuquerque, NM mixed dry 
9 4C Salem, OR mixed marine 
10 5A Chicago, IL cool moist 
11 5B Boise, ID cool dry 
12 6A Burlington, VT cold moist 
13 6B Helena, MT cold dry 
14 7 Duluth, MN very cold  
15 8 Fairbanks, AK subarctic  
 
The activity level was set at 1.1 MET and the clothing level was set by using dynamic 
predictive clothing. Dynamic predictive clothing uses the outdoor air temperature at 6 AM 
to predict the clothing levels of building occupants for the rest of the day. Initially the air 
velocity was set at 0.15 m/s for the optimization runs and then it was increased if needed for 
thermal comfort as defined by SET. 
Two different weather files were needed for each climate zone, predicted weather and 
actual weather. The original weather file for each location was used as the predicted weather 
forecast, which was then modified to create a simulated “actual” weather file based on 
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differences between historical predicted weather and actual weather data. Both files were used 
in the energy simulations for the condition of predicted weather forecasts and actual weather. 
Predictive simulation requires using a weather forecast to predict the performance of 
a building, and then making changes to the EnergyPlus shading and ventilation schedules to 
optimize the building thermal comfort for a single day. The program then runs the actual 
weather file for the day with the building parameters set for the weather forecast. This 
process (Figure 4.9) is then repeated for all 365 days of the year. Approximately 2000-3000 
EnergyPlus runs are required for each of the whole year simulation.  
The dimensions of the office space modelled (Fig 4.8) were 3m high by 3.75m wide 
and 5m deep. The facade was 3m high by 3.75m wide. The floor, ceiling and the three 
interior walls were modelled as adjacent to other interior spaces, with the same thermal 
conditions without heat transfer occurring, but they will retain and release heat due to their 
thermal mass. The interior walls were modelled as gypsum board over steel studs for low 
mass and 10cm concrete block for medium mass. Two simulation runs used gypsum board 
backed with phase change material (PCM). The floor was a 10cm concrete slab, and the 
ceiling was a drop ceiling of standard acoustical tiles. The modelled facade glazing elements 
(Table 4.3) were double or triple, clear or low E glazing with or without night insulation for 
a total of 8 glazing/night insulation combinations.  
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Figure 4.8 Dimensions of modeled office space. 
 
Table 4.3 Glazing types and properties. 
Glazing Type U-Factor 
[W/m2-K] 
SHGC VT U-Frame 
[W/m2-K] 
EnergyPlus 
Name 
Double Clear Argon 2.576 0.765 0.813 0.863 GLZSYS_4 
Double Low E Argon 1.584 0.669 0.716 0.863 GLZSYS_64 
Triple Clear Argon 1.618 0.623 0.7 0.863 GLZSYS_5 
Triple Low E Argon 0.852 0.584 0.615 0.863 GLZSYS_63 
U-value of frame from (“RAICO - Passive House”, 2019) 
Lighting was designed with a very efficient 5.6 W/m2 load density and continuous 
daylighting control. Equipment load for the office was modelled at 8.0 W/m2, and the 
occupancy load was one person.  
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Figure 4.9 Simulation process. 
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Table 4.4 Facade combinations. 
 Figure Window Type Mass Type Night 
Insulation 
Notes 
1 4.10 Double Clear Argon Low N  
2 4.11 Double Clear Argon Low Y  
3 4.12 Double Clear Argon Medium N  
4 4.13 Double Clear Argon Medium Y  
5 4.14 Double Low E Argon Low N  
6 4.15 Double Low E Argon Low Y  
7 4.16 Double Low E Argon Medium N  
8 4.17 Double Low E Argon Medium Y  
9 4.18 Triple Clear Argon Low N  
10 4.19 Triple Clear Argon Low Y  
11 4.20 Triple Clear Argon Medium N  
12 4.21 Triple Clear Argon Medium Y  
13 4.22 Triple Low E Argon Low N  
14 4.23 Triple Low E Argon Low Y  
15 4.24 Triple Low E Argon Medium N  
16 4.25 Triple Low E Argon Medium Y  
17 4.26 Triple Low E Argon PCM21 N Heat capacity = 575 
W-hr/m2 Melting 
point = 21° C 
18 4.27 Triple Low E Argon PCM27 N Heat capacity = 575 
W-hr/m2 Melting 
point = 27° C 
Climate Change Weather Files for the years 2050 and 2080 were used below 
19 4.28 Triple Low E Argon Medium Y Year=2050 
20 4.29 Triple Low E Argon Medium Y Year=2080 
Low mass = Gypsum Walls and 10 cm (4 in) concrete slab 
Medium mass =10 cm (4 in) concrete block walls and 10 cm (4 in) concrete slab 
 
4.3.1 Simulation results 
The results of the 20 different building component (Table 4.4) simulations were 
plotted (Fig. 4.10 through 4.29) showing the percentage of occupied hours when either 10 
PPD or 20 PPD were met for each of the 12 orientations and the 15 climate zones. Each 
figure shows the results for 540 different whole year simulations.  
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Figure 4.10 Orientation and thermal comfort -Double Clear Argon -Low Mass. 
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Figure 4.11 Orientation and thermal comfort -Double Clear Argon -Night Insulation -Low 
Mass. 
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Figure 4.12 Orientation and thermal comfort -Double Clear Argon -Medium Mass. 
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Figure 4.13 Orientation and thermal comfort -Double Clear Argon -Night Insulation -
Medium Mass. 
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Figure 4.14 Orientation and thermal comfort -Double Low E Argon - Low Mass. 
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Figure 4.15 Orientation and thermal comfort -Double Low E Argon -Night Insulation -Low 
Mass. 
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Figure 4.16 Orientation and thermal comfort -Double Low E Argon -Medium Mass. 
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Figure 4.17 Orientation and thermal comfort -Double Low E Argon -Night Insulation -
Medium Mass. 
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Figure 4.18 Orientation and thermal comfort -Triple Clear Argon -Low Mass. 
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Figure 4.19 Orientation and thermal comfort -Triple Clear Argon -Night Insulation -Low 
Mass. 
  67	
 
Figure 4.20 Orientation and thermal comfort -Triple Clear Argon -Medium Mass. 
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Figure 4.21 Orientation and thermal comfort -Triple Clear Argon -Night Insulation -
Medium Mass. 
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Figure 4.22 Orientation and thermal comfort -Triple Low E Argon -Low Mass. 
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Figure 4.23 Orientation and thermal comfort -Triple Low E Argon -Night Insulation -Low 
Mass. 
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Figure 4.24 Orientation and thermal comfort -Triple Low E Argon -Medium Mass. 
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Figure 4.25 Orientation and thermal comfort -Triple Low E Argon -Night Insulation -
Medium Mass. 
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Figure 4.26 Orientation and thermal comfort -Triple Low E Argon -PCM 21C. 
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Figure 4.27 Effect of Orientation on Thermal Comfort -Triple Low E Argon -PCM 27C. 
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Figure 4.28 Orientation and thermal comfort -Triple Low E Argon -Night Insulation -
Medium Mass -Climate Change 2050. 
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Figure 4.29 Orientation and thermal comfort -Triple Low E Argon -Night Insulation -
Medium Mass -Climate Change 2080. 
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4.4 Discussion of simulation results 
The results show that predictive modeling and passive solar buildings can perform 
well in 10 of the 15 climate zones (Table 4.5) of the United States. Climates zones 1A (very 
hot-moist), 2A (hot-moist), 2B (hot-dry), 3A (warm-moist) and 8 (subarctic) did not reach 
thermal comfort levels above 95% occupied hours at 10 PPD for any of the facade 
combinations. All other climates were able to achieve over 95% occupied hours at 10 PPD 
for at least one of the orientations for at least one of the facade combinations. Climate zone 
3B (warm-dry) was able to achieve comfort for all 12 orientations in 4 of the combinations 
and in 11 orientations in 8 more of the façade combinations. Climate zone 3C (warm-
marine) had the most façade combinations that achieved over 95% occupied hours at 10 
PPD for all 12 orientations with 13 façade combinations. Climate zone 4C (mixed-marine) 
was able to achieve over 95% occupied hours at 10 PPD at all 12 orientations with only one 
façade combination, triple low-e argon with medium mass and night insulation. None of the 
other climates were able to achieve over 95% occupied hours at 10 PPD for all 12 
orientations with any of the façade combinations. Climate zone 5B (cool-dry) was able to 
achieve comfort for 11 orientations in 2 of the combinations. In this climate the double low-
e glazing performed better that the triple low-e glazing when both cases used night 
insulation. 
 In general, facades with night insulation performed much better than the same 
facades without night insulation. Medium mass performed better than phase change material 
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(pcm) and pcm performed better than low mass. Triple glazing performed better than double 
glazing and low-e glazing performed better than clear glazing.  
 
Table 4.5 Ranked performance of facade combinations 
 
The simulations that looked at the effect of climate change on this method of 
predictive modeling show (Table 4.6) that as the temperature of the earth rises it will be 
more difficult (Fig. 4.30) to use passive cooling and passive solar heating in much of the 
United States. Climate zone 3B (warm-dry) and climate zone 4B (mixed-dry) which 
performed very well, achieving comfort for 12 and 11 orientations in simulations using 
current weather files did not achieve comfort for any of the orientations using the predicted 
climate change weather files. Climate zone 3C (warm-marine) performed the same in 2080 
as it does currently and 4C (mixed-marine) fell from 12 orientations to 10 in 2080. Climate 
Fig. Glazing Mass	Type NI 1A 2A 2B 3A 3B 3C 4A 4B 4C 5A 5B 6A 6B 7 8 Tot. Rank
4.25 TLA Medium Y 0 0 0 0 12 12 5 11 12 7 9 7 7 6 0 88 1
4.17 DLA Medium Y 0 0 0 0 12 12 3 11 11 6 11 7 6 5 0 84 2
4.23 TLA Low Y 0 0 0 0 11 12 3 10 11 7 10 7 6 4 0 81 3
4.15 TLA Low Y 0 0 0 0 11 12 2 9 11 5 11 7 5 3 0 76 4
4.24 TLA Medium N 0 0 0 0 11 12 5 11 7 5 7 5 5 3 0 71 5
4.27 TLA PCM27 N 0 0 0 0 12 12 5 9 7 5 7 5 5 3 0 70 6
4.26 TLA PCM21 N 0 0 0 0 12 12 3 9 8 5 7 5 5 3 0 69 7
4.13 DCA Medium Y 0 0 0 0 11 12 3 9 7 5 7 5 5 4 0 68 8
4.19 TCA Low Y 0 0 0 0 11 12 3 10 9 4 7 5 5 2 0 68 8
4.21 TCA Medium Y 0 0 0 0 11 12 3 9 7 5 7 5 5 4 0 68 8
4.22 TLA Low N 0 0 0 0 11 12 2 10 7 4 7 5 4 2 0 64 11
4.11 DCA Low Y 0 0 0 0 11 12 1 7 7 3 5 1 3 2 0 52 12
4.16 TLA Medium N 0 0 0 0 9 12 4 7 5 4 5 1 3 0 0 50 13
4.2 TCA Medium N 0 0 0 0 7 8 3 7 2 1 1 0 3 0 0 32 14
4.14 TLA Low N 0 0 0 0 9 11 0 5 5 0 0 0 0 0 0 30 15
4.18 TCA Low N 0 0 0 0 7 8 0 5 0 0 0 0 0 0 0 20 16
4.12 DCA Medium N 0 0 0 0 7 7 0 5 0 0 0 0 0 0 0 19 17
4.1 DCA Low N 0 0 0 0 3 7 0 0 0 0 0 0 0 0 0 10 18
Tot. 0 0 0 0 178 197 45 144 116 66 101 65 67 41 0
DLA	=	Double	Low-e	Argon,	DCA	=	Double	Clear	Argon
Climate	Zone
Number	of	orientations	where	ratio	of	hours	in	range-10	PPD	to	
NI	=	Night	insulation,	TLA	=	Triple	Low-e	Argon,	TCA	=	Triple	Clear	Argon
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6B (cold-dry) performed better going from 7 orientations to 11 orientations. All of the 
climate zone that are currently moist (4A, 5A, 6A) perform worse in 2080 than they do 
currently going down to zero orientations that achieve over 95% occupied hours at 10 PPD. 
 
Table 4.6 Performance due to predicted climate change. 
 
Year Figure Glazing Mass	Type NI 1A 2A 2B 3A 3B 3C 4A 4B 4C 5A 5B 6A 6B 7 8 Tot.
2019 4.25 TLA Medium Y 0 0 0 0 12 12 5 11 12 7 9 7 7 6 0 88
2050 4.28 TLA Medium Y 0 0 0 0 0 12 0 6 12 0 11 9 10 7 0 67
2080 4.29 TLA Medium Y 0 0 0 0 0 12 0 0 10 0 3 0 11 4 0 40
DLA	=	Double	Low-e	Argon,	DCA	=	Double	Clear	Argon
NI	=	Night	insulation,	TLA	=	Triple	Low-e	Argon,	TCA	=	Triple	Clear	Argon
Number	of	orientations	where	ratio	of	hours	in	range-10	PPD	to	
Climate	Zone
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Figure 4.30 Regions of U. S. and comfort performance decline due to climate change. 
2019
2080
2050
Regions	of	U.S.	that	at	least	one	orientation	and	façade	with	predictive	
modeling	achieves	thermal	comfort	(10	PPD	SET),	2019	and	with	
potential	climate	change	in	the	years	2050	and	2080
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4.5 Chapter summary 
An exploratory simulation study and a series of whole year simulations were 
performed to test the hypothesis that a passively heated and cooled building could be 
thermally comfortable in most climates by applying predictive modeling using next day 
weather forecasts. The results of the initial simulation were encouraging and the next step 
was to simulate predictive control over a whole year for thermal comfort. The whole year 
study showed that predictive modeling and passive solar buildings can perform well in 10 of 
the 15 climate zones of the United States.  Using predicted climate change weather files for 
the year 2050 and the year 2080, the simulation results indicate that this method will still be 
feasible but in fewer areas of the United States. 
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CHAPTER 5 
EXPERIMENT 
5.1 Introduction 
The two facade properties that were investigated in the experiment were movable 
shading and variable ventilation. Since a full-size office space that uses predictive control of 
shading and ventilation does not exist, a small-scale test cell was used to test the ability to 
predict the interior operative temperature based on predicted weather forecasts. 
As previously discussed, small scale test cells have performed as well as larger test cells. 
The basic guidelines are that a small test cell should have the equivalent insulation levels as 
the insulation levels of a large-scale building that would be tested, the thermal bridging at 
corner conditions in the small test cell should be eliminated and increasing the amount of 
ventilation due to three-dimensional collector to test cell volume differences. 
5.2 Experimental setup 
The test cell was designed to be highly insulated and used a constructed window. 
The interior shape of the test cell was based on the approximate shape of the whole year 
building simulation. The interior dimensions of the cell were width: 0.3m, height: 0.3m and 
depth: 0.5m. The glazing was 0.3m by 0.3m. The insulation levels, thermal mass amount 
and window type were preselected from simulation runs that show high levels of thermal 
comfort. The test cell used a small ventilation fan that was controlled by pulse width 
modulation to adjust the fan speed and control the ventilation rate. The test cell was 
surrounded by a plywood box (Fig. 5.3 and 5.4) to protect it from extreme weather. The box 
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also served as the shading device. The test cell sat on a moveable table that is controlled by a 
linear actuator (Fig. 5.8). The linear actuator moved the table and test cell back and forth to 
control the amount of shading (Fig. 5.1). 
 
 
Figure 5.1 Test cell components showing shading. 
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Figure 5.2 Test cell with weather station. 
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Figure 5.3 South face of test cell showing weather station. 
5.2.1 Glazing 
The glazing for the test cell was designed and constructed to have a low U-value and 
a high SHGC. For a passive solar heated building, a SHGC and a low U-value are desirable. 
Using the software WINDOW 7.3 (NFRC, 2017) from NREL (Fig. 5.4), a glazing unit was 
designed to have a U-value of 1.35 W/(m2 °C) and a SHGC of 0.62. 
The glazing unit is made up of 4 layers of 2.4 mm Lexan, separated by 3 layers of 
12.7 mm air with 12.7 mm extruded polystyrene spacers at the edges. The SHGC was 
checked by using the ratio of readings from two pyranometers. One pyranometer was placed 
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on the outside of the glazing and the other was placed on the inside. The ratio averaged to 
0.61. The calculated U-factor also seemed to be correct based on the calibration of the total 
test cell. This glazing unit is comparable to the double low-e argon glazing (U-value 1.584 
W/(m2 °C) and SHGC = 0.669) used in the whole year simulation study. 
 
 
 
Figure 5.4 Test cell glazing design. 
 
5.2.2 Insulation 
The simulation study assumed that the simulated office space would be part of a 
larger building with similar conditions in the adjoining spaces so the walls, ceilings and floors 
were modeled as adiabatic. Only the façade surface would be exposed to exterior weather. 
The other surfaces would not transfer heat, but they would act as thermal mass that could 
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store and release heat. The test cell had walls, a ceiling and a floor that was exposed to the 
elements, so in order to limit the amount of heat transfer through these elements a high level 
of insulation was needed. The test cell walls, ceiling and floor were made of 200mm thick 
polyisocyanate for an U-value of 0.098 W/(m2 °C).  The insulation was glued together with 
overlaping joints and corners to minimize air leakage and thermal bridges. A THERM 
(NFRC, 2017) simulation (Fig. 5.5) was performed to verify the minimal thermal bridges at 
corner conditions, associated with small test cells. This level of insulation is becoming more 
common in buildings built to the passive house standard.  
 
Figure 5.5 Test cell isotherm from THERM. 
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5.2.3 Thermal mass 
The thermal mass for the test cell included tin coffee cans (Fig. 5.7) filled with water. 
This type of mass was used because water has a high thermal storage capacity and it 
facilitated the quantity of mass to be changed with greater simplicity than a ridged mass type. 
 
 
Figure 5.6 Inside of test cell showing water cans used for thermal mass. 
 
5.2.4 Test cell controls 
The test cell controls (Fig. 5.7) comprised of a raspberrypi single board computer, a 
linear actuator (Fig. 5.8) and two fans in parallel. The single board computer was used to 
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download data and control the ventilation rate and the amount of shading for the test cell. 
The amount of shading was controlled by a linear actuator, which extends and extracts to 
move table inside the outer box. The ventilation rate was controlled by a dual fan that runs 
at different speeds depending on the optimized ventilation rate.  
 
 
Figure 5.7 Test cell controls- Raspberrypi and ventilation fan. 
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Figure 5.8 Linear actuator and rolling table. 
  91	
5.2.5 Test cell calibration 
The assembled test cell was calibrated using a small heater (15-watt lamp painted 
black) in a controlled environment, and an accurate EnergyPlus simulation model of the test 
cell was created (Fig. 5.9).  The fan rate was calibrated by running the fan at different speeds 
and comparing the heat loss to the EnergyPlus simulation. 
 
 
Figure 5.9 Test cell calibration. 
 
5.3 Experiment 
The test cell was placed with a south facing orientation in Pawtucket, Rhode Island 
to test the idea that an automated dynamic façade can provide whole year thermal comfort in 
a passively heated and cooled building by using predictive modeling of short-term future 
weather conditions. The façade elements that would be modified were the amount of 
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shading on the glazing and the amount of ventilation or volume of outside air brought into 
the interior of the test cell. The experiment was expected to last during winter, spring and 
summer and the procedure was as follows. 
 Once every day, a workstation at another location would run a script that would 
download a weather forecast from the National Oceanic and Atmospheric Administration 
and convert it into a one day EnergyPlus weather file. This weather file was appended to the 
actual measured weather file for previous days in the experiment. The workstation would run 
a series of simulations that adjusted the ventilation rate and the amount of shading on the 
glazing, until the SET comfort level inside the simulated test cell averaged between -0.5 
predicted mean vote and 0.5 predicted mean vote during theoretical occupied hours, 
between 7AM and 6PM. The workstation then uploaded the optimized ventilation rate and 
shading amount to the internet.  
Once every day, around midnight, the test cell controller would download the 
ventilation rate and shading amount data. The controller would use the downloaded data to 
operate a linear actuator in order to set the shading depth and to control the speed of a 
ventilation fan to increase or decrease the rate of ventilation in the test cell. 
A weather station using an Onset HOBO U30 that measures global horizontal solar 
radiation, dry bulb temperature, relative humidity, rain depth, and wind speed was used to 
record actual weather data near the test cell. This data was converted into an EnergyPlus 
weather file that was used for simulations. 
Onset hobo data loggers recorded air temperature, relative humidity and globe 
temperature inside the test cell. Air temperature and relative humidity are two of the four 
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environmental parameters that are used to predict human thermal comfort. A third 
parameter, mean radiant temperature, can be calculated from the measured globe 
temperature. A licor pyranometer connected to a hobo datalogger using an amplifier (Phillips 
and Bond, 1999) measured the incident solar radiation in the plane of the glazing at the 
outside of the test cell. A digital temperature sensor connected to the raspberrypi was used to 
log the interior temperature in real time and was used to monitor the test cell for problems, 
since the hobo dataloggers were not internet connected and data was downloaded manually 
at the test site.  
The test cell ran from January 20, 2017 until July 7, 2017.  From January 20, 2017 
until February 18, 2017, the test cell controller software and simulation calibration were 
modified to improve the accuracy of the simulation results. From February 18, 2017 until 
July 7, 2017, the test cell ran on its own with only weekly manual downloading of data. On 
July 5, 2017, the humidity level of the test cell spiked due to one of the thermal mass water 
cans leaking water into the test cell. The leak was discovered on July 7, 2017, and the 
experiment was stopped.  
5.4 Experimental results 
The results of the experiment are plotted (Fig. 5.10 through 5.15) and the results 
graphs show the following data: 
1. The interior globe temperature of the test cell was measured with a flat gray 
painted, 38mm globe. The globe temperature has been shown to be a good 
approximation for indoor operative temperature. (Humphreys, 1977)  
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2. The operative temperature of the simulation used to set the shading amount and 
ventilation rate labeled perfect model/real forecast, since it shows the results of a 
predictive energy simulation that models the test cell perfectly and it uses the 
NOAA weather forecast to optimize the shading and ventilation but the measured 
weather data to run the final simulation. 
3. The operative temperature of the simulation used to set the shading amount and 
ventilation rate labeled perfect model/perfect forecast, since it shows the results of 
a predictive energy simulation that models the test cell perfectly and it uses the 
measured weather forecast to optimize the shading and ventilation and the 
measured weather data to run the final simulation. 
4. The predicted outdoor air temperature from the weather forecast. 
5. The measured outdoor air temperature from the on-site weather station. 
6. The predicted global horizontal solar radiation estimated from the NOAA cloud 
cover forecast. 
7. The measured global horizontal solar radiation from the on-site weather station. 
8. The upper and lower SET thermal comfort operative temperatures. 
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Figure 5.10 Test cell results 02/18/2017 to 03/18/2017. 
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Figure 5.11 Test cell results 03/19/2017 to 04/18/2017. 
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Figure 5.12 Test cell results 04/19/2017 to 05/18/2017. 
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Figure 5.13 Test cell results 05/19/2017 to 06/18/2017. 
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Figure 5.14 Test cell results 06/19/2017 to 07/04/2017. 
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5.5 Discussion of experimental results 
The results of the experiment were encouraging, and they provide indications for 
methods to advance the method of predictive modeling in buildings. For the 137 days in the 
experiment, the test cell interior globe temperature was out of the SET operative temperature 
comfort range during 32 of the days for some of the occupied hours. The potential occupied 
hours for an office building would be from 8AM until 6PM or 10 hours per day, for a total 
of 1370 occupied hours during the experiment. Out of the 1370 potential occupied hours, 
113 hours were thermally too cold and 25 hours were thermally too hot.  
5.5.1 Possible changes to test cell and controls 
On 15 days (Table 5.1), more than 3 of the occupied hours were out of comfort 
range. Specifically, 11 of those days (Fig. 5.15) were thermally too cold and 4 days (Fig. 
5.16) were thermally too hot. The days that that were thermally cold might benefit from 
increasing the number of days for the predictive forecast. Increasing the indoor temperature 
for the preceding days anticipating low total daily solar radiation might raise the thermal 
mass temperature enough to have fewer hours of thermally cold indoor temperatures. The 
test cell might be improved with moveable insulation to slow down the heat loss during the 
night on days with low solar radiation. 
The days that were thermally too hot had high average outdoor temperatures. The 
simple experiment also only set the ventilation rate and the shading amount for the whole 
day, but night ventilation only with high temperature cut off during day might have 
improved the thermal comfort level on those days. 
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Table 5.1 Days with more than three of the occupied hours thermally uncomfortable. 
 
 
Date 
Occupied hours 
thermally 
uncomfortable 
 
Cold/ 
Hot 
 
 
Possible Cause/ Possible Solution  
5-Mar 4 cold Low outdoor temperature/ Increase indoor 
temperature during previous days 
6-Mar 4 cold Low total daily solar radiation/ Increase indoor 
temperature during previous days 
7-Mar 6 cold Low previous day temperature/ Increase indoor 
temperature during previous days 
8-Mar 5 cold Low previous day temperature/ Increase indoor 
temperature during previous days 
14-Mar 10 cold Low total daily solar radiation/ Increase indoor 
temperature during previous days 
26-Mar 7 cold Low total daily solar radiation/ Increase indoor 
temperature during previous days 
27-Mar 10 cold Low total daily solar radiation/ Increase indoor 
temperature during previous days 
28-Mar 10 cold Low total daily solar radiation/ Increase indoor 
temperature during previous days 
29-Mar 5 cold Low total daily solar radiation/ Increase indoor 
temperature during previous days 
1-Apr 10 cold Low total daily solar radiation/ Increase indoor 
temperature during previous days 
6-Apr 9 cold Low total daily solar radiation/ Increase indoor 
temperature during previous days 
18-May 6 hot High outdoor temperature/ Night ventilation only with 
high temperature cut off during day 
19-May 5 hot High outdoor temperature/ Night ventilation only with 
high temperature cut off during day 
12-Jun 5 hot High outdoor temperature/ Night ventilation only with 
high temperature cut off during day 
13-Jun 7 hot High outdoor temperature/ Night ventilation only with 
high temperature cut off during day 
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Figure 5.15 Thermally too cold days 02/18/17 through 04/27/17. 
 
 
 
Figure 5.16 Thermally too hot days 04/27/17 through 07/04/17. 
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5.5.2 Improvements to predictive modeling 
The test cell results (Fig. 5.10 through 5.15) show potential for improvements in the 
predictive modeling algorithms.  Advances in weather forecasts, particularly solar radiation 
prediction might improve the results by increasing the likelihood of achieving indoor 
thermal comfort. Outdoor temperature forecasts (Fig. 5.17) were more accurate than total 
daily solar radiation (Fig. 5.18) calculation predictions.  
Comparing a perfect forecast against the real forecast in the case of the two perfect 
modeled buildings (Fig. 5.19) shows that even with the current solar radiation prediction 
accuracy, the indoor operative temperature the temperature difference has a standard 
deviation of 1.3 °C.  
Improving the building data entered in the simulation model might also improve the 
results. A comparison (Fig. 5.20) to of test cell globe temperature and the simulated 
operative temperature with a perfect forecast, shows the difference in real and modeled 
buildings and forecasts. The difficulty of creating an accurate simulation model show that 
even for a very simple test cell with known construction and no occupants, the simulation 
and experimental data did not match. For more complex buildings the difference could be 
greater. To solve this discrepancy, a very precise model should be created with more feedback 
between the measured results and the simulation results as the experiment proceeds.  
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Figure 5.17 Measured versus predicted outdoor temperature. 
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Figure 5.18 Measured versus predicted global solar radiation. 
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Figure 5.19 Comparison of simulated operative temperature with perfect forecast and 
simulated operative temperature with real forecast. 
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Figure 5.20 Comparison of test cell globe temperature and simulated operative temperature 
with perfect forecast. 
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Using the interior globe temperature of the test cell instead of calculating the 
operative temperature of the test cell may have shown differences while comparing the globe 
temperature to the predicted simulation derived operative temperature.  
The operative temperature of the simulation was used to set the shading amount and 
ventilation rate labeled perfect model/real forecast, since it shows the results of a predictive 
energy simulation that models the test cell perfectly. Also, it uses the NOAA weather forecast 
to optimize the shading and ventilation, but the measured weather data to run the final 
simulation.  
Other improvements to the predictive modeling simulation algorithm might be to 
look at each occupied hour and make the decision for optimized thermal comfort for each 
individual hour instead of average predicted mean vote for the day. 
 
5.6 Chapter summary 
A small-scale test cell was used to test the ability to predict the interior operative 
temperature based on predicted weather forecasts. The test cell was designed to be highly 
insulated and used a constructed window. The interior shape of the test cell was based on the 
approximate shape of the whole year building simulation.  
The test cell ran during the part of the Winter, all of the Spring and part of the Summer 
of 2017 or approximately 6 months.  The first month was used to modify the test cell 
controller software and simulation calibration were modified to improve the accuracy of the 
simulation results. The experiment was stopped due to one of the thermal mass water cans 
leaking water into the test cell. 
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The results of the experiment were promising and they suggest ways to advance the 
method of predictive modeling in buildings. For the hours when an office building would 
most likely be occupied, 8AM until 6PM, the test cell was outside the SET operative 
temperature range 10% of the time. The test cell was too cold 8% of the time and too hot 
2% of the time. Possible improvements to the predictive modeling method were discussed.  
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CHAPTER 6 
SUMMARY AND CONCLUSIONS 
6.1 Summary 
Buildings are the largest contributor to climate change. The main hypothesis for this 
research work was that an automated dynamic façade can provide whole year thermal 
comfort in a passively heated and cooled building by using predictive modeling of short-term 
future weather conditions. The dynamic facade should be adaptable to different climates, 
weather extremes and climate change. Predictive simulation requires using a weather forecast 
to predict the performance of a building and then modify the shading and ventilation rate to 
optimize the building thermal comfort for a single day. The goal of the dissertation was to 
develop a method for designing dynamic predictive façades to maximize thermal comfort in 
most climates and weather conditions. The research for the dissertation was conducted 
through computer simulations in the 15 different climates of the United States along with 
the effect on climate change and an experimental study. The computer simulations, using 
EnergyPlus and custom scripts, were used to optimize the façade for a scaled physical model 
of the façade and the individual building elements.  EnergyPlus simulations were also used 
for the predictive modeling in the experimental study. A test cell with one of the designed 
façade systems and controls was studied and compared to simulation results and 
modifications to the predicted model and predicted control procedure was developed. 
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The simulation study showed that predictive modeling and passive solar buildings can 
perform well in 10 of the 15 climate zones of the United States. Climates zones 1A, 2A, 2B, 
3A and 8 did not reach thermal comfort levels above 95% occupied hours at 10 PPD for any 
of the facade combinations. All other climates achieved over 95% occupied hours at 10 PPD 
for at least one of the orientations for all facade combinations. In general, facades with night 
insulation performed better than facades without night insulation. High mass performed 
better than low mass and triple low E glazing performed better than double clear glazing. 
The simple test cell also had good results and improvements can be made to the 
predictive modeling method. The results of the experiment were encouraging and they do 
give indications to ways to advance the method predictive modeling in buildings. . For the 
hours when an office building would most likely be occupied the test cell was outside the 
SET operative temperature range 8%- too cold and 2%- too hot. 
The days that that were thermally cold might benefit from increasing the number of days 
for the predictive forecast. Increasing the indoor temperature for the preceding days 
anticipating low total daily solar radiation might raise the thermal mass temperature enough 
to have fewer hours of thermally cold indoor temperatures. The test cell might be improved 
with moveable insulation to slow down the heat loss during the night on days with low solar 
radiation. 
The days that were thermally too hot had high average outdoor temperatures. The simple 
experiment also only set the ventilation rate and the shading amount for the whole day, but 
night ventilation only with high temperature cut off during day might have improved the 
thermal comfort level on those days. Using predicted climate change weather files for the 
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year 2050 and the year 2080, the simulation results suggest that this method will still work 
well but in fewer regions of the United States. Predicted modeling methods using passive 
cooling for hot, humid climates will need to be developed if the current path of climate 
change does not abate. 
6.2 Future research 
Future research will focus on refining the predictive modeling methods and 
algorithms. The basic premise of this study was that by changing the amount of shading and 
the amount of ventilation of a building with a low heat flow and high solar gain, it is possible 
to achieve indoor thermal comfort. The study used only the next day weather forecast and 
only changed the ventilation rate and shading amount one time per day. The thermal 
comfort model used was the Standard Effective Temperature model, which allows for a 
larger indoor operative temperature difference than what most buildings with heating and 
air-conditioning systems now have. This study limited the optimization due to the amount 
of computing time required. The 10,000 plus simulations took over 3 months of computer 
time. A future study might investigate using more than one day weather forecast, changing 
more factors than shading and ventilation, and optimizing for a narrower band thermal 
comfort zone.  
Other possible studies might include developing dynamic façade prototypes with 
moveable shading, façade only ventilation and movable insulation and testing the predictive 
modeling method for other climates types outside of the United States.  
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APPENDIX A 
FORECAST SCRIPT 
 
Forecast converter script and forecast.xml file 
 
 Many scripts were written in Python to aid in this study. The script that converts a 
NOAA forecast to an EnergyPlus weather file and to download xml file are included below. 
The script was written in Python 2.7 and uses two libraries not included in the stock Python 
install: urllib2 and xml.dom.minidom 
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NOAA Forecast.xml
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APPENDIX B 
SIMULATION DATA 
 
Simulation Data showing Ratio of Hours in Range-10 PPD and 20 PPD to 
Occupied Hours with Stochastic Forecast. This data was used for figure 4.10 through 4.29. 
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